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Abstract 
Scaffolding ligand, 14, was designed to direct the hydroformylation of 
1,2-disubstituted alkenes, such that the aldehyde forms at the carbon distally from 
the directing group. The ligand has the ability to form reversible covalent bonds 
with the substrate and bind to the metal to achieve high conversion, regio- and 
diastereoselectivity of homoallylic alcohol products.  
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1.1 Challenges in Hydroformylation 
 
Hydroformylation is an atom-economical reaction that generates an aldehyde 
by the metal-catalyzed addition of carbon monoxide and hydrogen across a 
carbon-carbon double bond.1 It is used to produce millions of tons of oxo products 
annually. A variety of metals, including cobalt, platinum and palladium, have 
successfully been used for hydroformylation, but rhodium-based catalysts are the 
most reactive at medium pressures and temperatures. A central aspect of 
hydroformylation is the control of the regioselectivity of the reaction. Both the 
steric and electronic components of the substrate strongly influence the inherent 
preference of the product outcome.2 When considering a terminal olefin (Figure 
1), two constitutional isomers, designated as the branched (1) and linear (2) 
isomers are potential products. Mono- and 1,1-disubstituted olefins have an 
inherent preference to form the linear product due to sterics,1 whereas the 
branched isomer is favored when the hydrometalated intermediate is electronically 
stabilized (e.g. styrene and vinyl acetate).3,4 
                                                
1 Breit, B.; Seiche, W. Synthesis 2001, 1, 1-13. 
2 Borner, A.; Franke, R.; Selent, D. Chem. Rev. 2012, 112, 5675–5732. 
3 Del Rio, I.; Pamies, O.; van Leeuwen, P. W. N. M.; Claver, C. J. Organomet. Chem. 
2000, 608, 115-121. 
4 Peng, X.; Wang, Z.; Xia, C.; Ding, K. Tetrahedral Lett. 2008, 49, 4862–4864. 
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In contrast, 1,2-disubstituted olefins have no significant electronic or steric 
bias affording an unselective product distribution of approximately 1:1.1 Internal 
alkenes are also less reactive than monosubstituted alkenes because of the 
increased steric bulk around the olefin. When comparing the relative rates of 
hydroformylation using triphenylphosphine as the ligand, a monosubstituted olefin 
is 24 times more reactive than a 1,2-disubstituted olefin (Scheme 1).1 These 
challenges have limited the number of catalysts that are regioselective for the 
hydroformylation of 1,2-disubstituted olefins. Efforts to control regioselectivity 
for 1,2-disubstituted olefins have centered on ligand control (Section 2) and the 
use of directing groups (Section 3 and 4). 
 
+
Rh-Cat.
H2/CO
1
branched
Figure 1 Regioisomers of Hydroformylation.
R RR
OHC CHO
2
linear
0.25 mol % [RhH(CO)(PPh3)3]
50 cm3 CO/H2 (1:1) (14.5 psi)
Scheme 1 Relative Hydroformylation Rates of Mono- and Di- Substituted Olefins.
Me
Me
Me
Me
Me
Me
Me Me
Me
Me
CHO CHO
CHO CHO
+
+
Relative Rate of CO/H2 uptake: 3.52 mL/min
Relative Rate of CO/H2 uptake: 0.15 mL/min
Benzene, 25 °C
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1.2 Selectivity via Ligand Control  
In order to develop a regioselective catalyst, efforts have focused around 
manipulating the environment at the metal center during the regiodetermining 
hydrometallation step (Figure 2).5 The most successful and industrially relevant 
reaction has been the linear selective hydroformylation of terminal olefins. By 
creating sterically demanding ligands, the less hindered linear transition state is 
favored. For example, researchers at Eastman Kodak designed a large, bidentate 
ligand, 2,2’-bis((diphenylphosphino)methyl)-1,1’-biphenyl (BISBI), that selects 
for the linear product in the hydroformylation of propene (Scheme 2). 6  In this 
case, hydrometallation to form the branched isomer is unfavored because it 
requires the formation of the more sterically hindered secondary alkyl group 
during hydrometallation.  Moreover, the α’ alkyl intermediate undergoes rapid 
β-hydride elimination to reform the olefin complex.  
 
                                                
5 Many different factors influence the mechanism of hydroformylation. For more 
information see: (a) Kamer, P. C. J.; van Rooy, A.; Schoemaker, G. C.; van Leeuwen, P. 
W. N. M. Coordination Chem. Rev. 2004, 248, 2409-2424. (b) Zuidema, E.; Daura-Oller, 
E.; Carbo, J. J.; Bo, C.; van Leeuwen, P. W. N. M. Organometallics 2007, 26, 2234-
2242. 
6 a) Devon, T. J.; Phillips, G. W.; Puckette, T. A.; Stavinoha, J. L.; Vanderbilt, J. J. US 
Pat. 4,694,109, 1987. b) Devon, T. J.; Phillips, G. W.; Puckette, T. A.; Stavinoha, J. L.; 
Vanderbilt, J. J.  Chem. Abstr. 1988, 108, 7890. 
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Based on this result, Casey and Whitaker investigated whether a correlation 
of ligand bite angle and regioselectivity existed.  They calculated the natural bite 
angle7 for a variety of bisphosphine ligands and found that ligands with a natural 
bite angle of 120°, such as BISBI, yielded high linear to branch ratios. This 
correlation was attributed to the ligands preference to bind in an 
equatorial-equatorial position of the trigonal bipyramidal structure. Ligands with 
smaller bite angles that prefer equatorial-axial metal chelates or larger bite angles 
that are monodentate, are less selective. Supporting this hypothesis, many 
bisphosphine ligands predicted to bind in an equatorial-equatorial configuration       
f a’dfl;’asl 
                                                
7 Natural bite angle is calculated using a molecular mechanics method. The method 
calculates the bite angle when the ligand is coordinated to atom M in a fixed, reasonable 
bond length and a flexible P-M-P angle.  
H Rh L
LCO
HRhL
L CO
R
Figure 2 Hydrometallation Step of Hydroformylation Reaction.
Linear
Selective
Distal
Selective
R
Steric 
Hinderance
PPh2
PPh2
Scheme 2 Linear Selective Hydroformylation of 1-propene.
Me
Me
O
BISBI
0.15 mol % Rh(CO)2(acac)
0.15 mol % BISBI
69.6 psi CO/H2, (1:1), 34 °C
65.5:1 rr
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yielded excellent selectivity for the linear product.2,8 Similar chelating ligands 
have been modestly effective in the regioselective hydroformylation of 1,2-
disubstituted olefins. For example, Ali’s group employed a phosphite ligand, 5, in 
the hydroformylation of 2-pentene to achieve 73:27 selectivity in favor of the less 
hindered product, 3, in 12% conversion (Scheme 3).9  
 
In an attempt to develop a more selective system for 1,2-disubstituted 
olefins, Reek’s group developed a supramolecular catalyst containing a chiral, 
encapsulating bidentate ligand, 8, for the hydroformylation of 2-octene. Using 
triphenylphosphine as the control ligand to measure the selectivity of the 
undirected reaction, products 6 and 7 were obtained in a 60:40 regioselective ratio. 
                                                
8 (a) van Leeuwen, P. W. N. M.; Kamer, P. C. J.; Reek, J. N. H.; Kierkes, P. Chem. Rev. 
2000, 100, 2741-2769. (b) Casey, C. P.; Whiteker, G. T.; Melville, M. G.; Petrovich, L. 
M.; Gavey, J. A.; Powell, D. R. J. Am. Chem. Soc. 1992, 114, 5535-5543. (c) 
Kranenburg, M.; van der Burgt, Y. E. M.; Kamer, P. C. J.; van Leeuwen, P. W. N. M.; 
Goubitz, K.; Fraanje, J. Organometallics 1995, 14, 3081-3089. 
9 Tijani, J.; Ali, B.; J. Organomet. Chem. 2007, 692, 3492-3497. 
Me Me
0.1 mol % 5, 
0.2 mol % Rh(CO)2(acac)
300 psi CO/H2 (1:1)
Me Me
Me MeO
O
+
12% conversion
73:27 rr (3:4)
5
DCM, 120 °C, 16 hr
Scheme 3 Ligand control of hydroformylation
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Ligand 8 reversed the inherent selectivity of the reaction to favor the formation of 
enantioenriched 7 with 10% conversion (Scheme 4).10  Although these systems for 
the hydroformylation of 1,2-disubstituted olefins influence the regioselectivity, 
they both suffer from low conversion.11  
 
1.3 Stoichiometric Directing groups 
The selectivity of a reaction can also be influenced through the use of a 
directing group. A directing group is a functional group within a substrate that 
                                                
10 Gadzikwas, T.; Bellini, R.; Dekker, H. L.; Reek, J. N. H. J. Am. Chem. Soc. 2012, 134, 
2860-2863. 
11 For additional examples of ligand controlled hydroformylation reactions: (a) Kuil, M.; 
Soltner, T.; van Leeuwen, P. W. N. M; Rook, J. N. H. J. Am. Chem. Soc. 2006, 128, 
11344-11345. (b) Bellini, R.; Chikkali, S. H.; Berthon-Gelloz, G.; Reek, J. N. H. Angew. 
Chem. Int. Ed. 2011, 50, 7342-7345. (c) Dydio, P.; Reek, J, N. H. Angew. Chem. Int. Ed. 
2013, 52, 3878-3882. 
Me Me
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Me Me
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Scheme 4 Ligand control of hydroformylation.
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interacts with a reagent or catalyst to affect the outcome of the transformation. 
Specifically, by inducing a state of temporary intramolecularity, directing groups 
can potentially increase both reactivity and selectivity.12 Often, directing groups 
are not common functional groups and have to be installed prior to the reaction 
and then removed later in the synthesis.  This is the case with hydroformylation, 
which generally uses a phosphorus-based directing group.13  
Jackson and Perlmutter reported an early example of an installed 
phosphite-based directing group in the hydroformylation of a terminal alkene to 
yield a single product in an 86% yield (Scheme 5, Eq 1).14 During the synthesis of  
(+)-phyllanthocin, Burke and Cobb installed a phosphine directing group for 
hydroformylation. In their first attempt, they installed the phosphine in the para 
position and detected low levels of reactivity and no formation of the desired 
product.  However, changing the position of the phosphine to the meta position 
resulted in an isolated yield of the desired product of 68% (Scheme 5, Eq 2).15 
This drastic increase in selectivity and yield highlighted the importance of spatial 
orientation between the directing group and the olefin. Breit et al. developed an 
o-diphenylphophinobenzoic acid (o-DPPBA) directing group that increased 
                                                
12 (a) Pascal, R. Eur. J. Org. Chem. 2003, 1813-1824. (b) Tan, K. L. ACS Catal. 2011, 1, 
877-886. 
13 For an example of non-phosphorus based directing groups: Ojima, I.; Korda, A.; Shay, 
W. R. J. Org. Chem. 1991, 56, 2024-2030. 
14 Jackson, W. R.; Perlmutter, P.; Suh, G-H. J. Chem. Soc, Chem. Comm. 1987, 724-725. 
15 Burke, S. D.; Cobb, J. E.; Takeuchi, K. J. Org. Chem. 1990, 55, 2138-2151. 
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regioselectivity and reactivity in hydroformylation of both allylic (Scheme 5, Eq 
3) and homoallylic alcohol substrates, effectively increasing the substrate scope of 
phosphorus based directing groups.16 All of these examples demonstrate that 
stoichiometric directing groups have efficiently (yields >68%) and effectively 
(selectivity >80%) directed the hydroformylation of 1,2-disubstituted olefins.17  
 
 
                                                
16 (a) Breit, B. Angew. Chem. Int. Ed. 1996, 35, 2835-2837. (b) Grunagner, C. U.; Breit, 
B. Angew. Chem. Int. Ed. 2008, 47, 7346-7349. 
17 For additional examples of stoichiometric directing groups: (a) Jackson, W. R.; 
Perlmutter, P.; Suh, G-H. J. Chem. Soc. Chem. Commun. 1987, 724-725. (b) Krauss, I. J.; 
Wang, C. C. Y.; Leighton, J. L. J. Am. Chem. Soc. 2001, 123, 11514-11515. (c) Breit, B.; 
Grunanger, C. U.; Abillard, O. Eur. J. Org. Chem. 2007, 2497-2503. 
O O
PPh2
O O
PPh20.7 mol % Rh(acac)(CO)2
580 psi H2/CO (1:1)
Me MeCHO97:3 rr99% Conversion
Toluene, rt, 23.5 h
O
O
O
Me
OH
H O
O
O
Me
OH
H
H
OHC Benzene, 85 °CO
Ph2P
O
Ph2P
 80:20 rr
96:4 dr
68% Isolated Yield
(1)
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(3)
Scheme 5 Examples of regioselective hydroformylation.
8 mol % [(COD)Rh(OAc)]2
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1.4 Catalytic Directing Groups 
Although the utilization of stoichiometric directing groups increases both 
reactivity and selectivity in hydroformylation, the drawbacks include the addition 
of two synthetic steps for installation and removal of the directing group, and the 
generation of a stoichiometric phosphorus by-product. Due to these disadvantages, 
efforts have been made to develop systems that catalytically direct 
hydroformylation. Both the Breit group and our group designed systems that 
reversibly bind a substrate and chelate to the catalyst. Breit’s group used a 
phosphinite-based directing group2 that can undergo transesterification with 
alcohols.18 This provided the covalent, but reversible binding site for the substrate 
that allowed the system to be used in catalytic quantities. Using homoallylic 
alcohols as substrates, Breit hypothesized that the reaction would be selective 
based on the chelate ring size19 in which the proximal product arose from a more 
favorable six membered chelate ring whereas the distal product required a less 
favorable seven membered chelate ring. As predicted, the system yielded over 
                                                
18 (a) Sander, M. Chem. Ber. 1960, 93, 1220-1230. (b) Lewis, L. Inorg. Chem. 1985, 45, 
4433-4435. (c) Bedford, R. B.; Betham, M.; Caffyn, A. J. M.; Charmant, J. P. H.; Lewis-
Allenyne, L. C.; Long, P. D.; Polo-Ceron, D.; Prashar, S. Chem. Commun. 2008, 990-
992. 
19 A new naming system will be used to reference the products of hydroformylation of 
1,2-disubstituted olefins. The proximal product arises from carbonylation occurring at the 
carbon closer to the directing group and the distal product arises from carbonylation at 
the carbon farther away from the directing group. For homoallylic alcohol substrates, this 
results in a five membered ring for the proximal product and a six membered ring for the 
distal product. 
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99:1 selectivity for the 5-membered lactone in 88% yield (Scheme 5, Eq 1).20  
 
We designed a scaffolding ligand 9 with a substrate exchange site in close 
proximity to a phosphorus group (Figure 3). It yielded excellent regioselectivity 
(98:2 rr) and diastereoselectivity (anti:syn = 88:2) in the hydroformylation of 
homoallylic alcohols (Scheme 5, Eq 2).21 Ligand 9 covalently bonds to the 
hydroxyl group through the exchange of alcohols at the orthoamide center. We 
hypothesized that the exchange is facilitated by nitrogen lone pair donation into 
the C-O σ* orbital promoting the formation of the iminium ion, which is 
                                                
20 Grunanger, C. U.; Breit, B. Angew. Chem. Int. Ed. 2008, 47, 7346-7349. 
21 Lightburn, T. E.; Dombrowski, M. T.; Tan, K. J. Am. Chem. Soc. 2008, 130, 9210-
9211. 
HO
Me
1. 10 mol % Ph2P(OMe)
1 mol % Rh(acac)(CO)2
290 psi H2/CO (1:1)
88%
O
O
+ O
O
Ethyl
>99:1 regioselectivity
Proximal Distal
HO Ph
Me O
O
+ O
OP
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Me
N
OiPr
88%
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+ O
Me
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O
        
 1. 25 mol %                              j     
      
6 mol % Rh(acac)(CO)2                   
0.2 mol % p-TSA
200 psi CO/H2 (1:1)
Benzene (0.05 M), 65 °C, 16 h
2. PCC Oxidation
THF, 4 Å MS, 40 °C, 12 h
2. PDC Oxidation
Proximal Distal
Scheme 6 Catalytic Directing Group for Hydroformylation.
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Et9
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subsequently trapped by another alcohol substrate. The phosphorus group chelates 
to the rhodium center enhancing olefin binding, which accelerates 
hydroformylation.  As outlined in Scheme 7, the first step of the directed reaction 
is the exchange of isopropanol with substrate. An increase in selectivity is 
observed because of the rigidness of the covalent bond, limiting the number of 
conformations in the transition state. After the directed reaction occurs, the 
substrate can be exchanged for another alcohol substrate, completing the catalytic 
cycle (Scheme 7). 
 
P
Me
N
OiPr
Substrate Binding
Site
Metal Binding
Site
Figure 3 Design of Scaffolding Ligand, 9.
Ph
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After successfully directing hydroformylation of homoallylic alcohols, we 
expanded the substrate scope. We were able to access quaternary centers using 
1,1-disubstituted olefins as substrates (Scheme 8, Eq 1).22 We expanded the 
exchangeable functional group from alcohols to sulfonamides and anilines. Using 
allylic sulfonamides we were able to synthesize β-amino-aldehydes in excellent 
yield and selectivity (Scheme 8, Eq 2).23 Because 9 is chiral, containing two 
stereocenters, we attempted to perform hydroformylation enantioselectively by 
accessing the enantiopure form of the ligand. However, we found that the 
phosphorus stereocenter epimerizes under the exchange conditions. We decided to 
                                                
22 Sun, X.; Frimpong, K.; Tan, K. J. Am. Chem. Soc. 2010, 132, 11841-11843. 
23 Worthy, A.; Gangon, M.; Dombrowski, M.; Tan, K. Org. Lett. 2009, 11, 2764-2767. 
Substrate
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Directed 
Hydroformylation
Product 
Release iPrOH
iPrOH
[Rh]
[Rh]P
Ph
Me
N
OiPr
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Me
N
O
Ph
Scheme 7 Catalytic Cycle of Hydroformylation with Ligand 9.
9
HO
Me
Me
[Rh]
P
Me
N
O
Ph
Me
CHO
HO
Me
CHO
+
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use the epimerization to our advantage; through the installation of a 
non-epimerizable third stereocenter, we were able to thermodynamically gear the 
other two stereocenters to form a single isomer, 10. This system exhibited high 
conversion and enantioselectivity for the hydroformylation of functionalized 
anilines (Scheme 8, Eq 3).24  
 
 
 
 
 
                                                
24 (a) Worthy, A. D.; Joe, C. L.; Lightburn, T. E.; Tan, K. L. J. Am. Chem. Soc. 2010, 
132, 14757-14759. (b) Joe, C; Tan, K. J. Org. Chem. 2011, 76, 7590-7596. 
RO2SN Me Benzene, 45 °C, 6 h
10 mol % 9
2 mol % Rh(acac)(CO)2
400 psi H2/CO (1:1)
OH
Ph 0.2 mol % p-TsOHBenzene, 45 °C
2. NaClO2, H2O/t-BuOH
NaH2PO4, 2-methyl-2-butene
1. 20 mol % 9
4 mol % Rh(acac)(CO)2
400 psi H2/CO (1:1)
OH
PhMe
O
OH
97:3 rr
79% yield
R = (3,5-CF3)-Ph
RO2SN Me
CHO
96:4 rr
80% yield
PMPN
0.05 mol % p-TsOH
Benzene, 35 °C
2. NaBH4, MeOH
1. 15 mol % 10
2 mol % Rh(acac)(CO)2
50 psi H2/CO (1:1) PMPN Me
OH
92% ee
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Scheme 8 Substrate Scope of Scaffolding Catalyst.
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1.5 Distal Selective Ligand 
A challenge in using directing groups in hydroformylation is that the 
formyl group is often installed proximal to the directing group, limiting the access 
to the distal regioisomer. Recently, Breit reported a supramolecular strategy for 
the distal selective hydroformylation of unsaturated carboxylic acids, using a 
modified triphenylphosphine ligand, 12. The ligand contains a guanidine residue 
that hydrogen bonds to the carboxylic acid functional group on substrate 11.  
Through multiple hydrogen bonds, the substrate is oriented to form a 
13-membered chelate with the metal, directing the hydrometallation step to yield 
the distal isomer in an 11:1 regioselectivity ratio (Scheme 9, Eq 1).25 Another 
system developed by Reek’s group used a bisphosphine ligand containing an anion 
receptor backbone that selected for the distal product of the hydroformylation of 
4-pentenoate ion in a 40:1 regioselective ratio with 95% conversion (Scheme 9, Eq 
2).26 
 
 
                                                
25 Smejkal, T.; Breit, B. Angew. Chem. Int. Ed. 2008, 47, 311-315. 
26 (a) Dydio, P.; Dzik, W. I.; Lutz, M.; Bruin, B.; Reek, J. N. H. Angew. Chem. Int. Ed. 
2011, 50, 396-400. (b) Dydio, P.; Reek, J. N. H. Angew. Chem. Int. Ed. 2013, 52, 3878-
3882. 
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One of the limitations of both Reek’s and Breit’s systems is the need for a 
hydrogen bonding functional group in the substrate, effectively limiting the 
substrate scope. Our previous ligand 9 showed that through the use of reversible 
covalent bonding, we could exchange multiple functional groups and successfully 
direct hydroformylation.  We envisioned by properly orienting a 
reversible-covalent binding site relative to a metal binding site that we could 
O
OH
O
OH
O
THF, rt, 68 h
+
11:1 rr (distal:proximal)81% coversion
Me
NPh2P
N
O
NH2
NH2
20 mol % 12
2 mol % Rh(acac)(CO)2
87 psi H2/CO (1:1)
11
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N
H NHNH
O HN O
PPh2 Ph2P
O
O
1 mol % 13
1 mol % Rh(acac)(CO)2 
261 psi H2/CO
95%
O
O
O
40:1 rr
Scheme 9 Distal Selective Supramolecular Catalysis.
13
O
OH
Me
O
Me
DCM, 0.5 mol % TEA, 
40 °C, 72 h
(1)
(2)
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expand the scope of distal selective hydroformylation (Figure 4). Using ligand 13 
as inspiration, we hypothesized that selectivity arises from the 13-membered 
chelate during the hydrometallation step. By replacing the hydrogen bonding 
guanidine with an oxazolidine moiety that was previously shown to exchange with 
alcohols, 27 we were confident that we could select for the distal product of the 
hydroformylation of homoallylic alcohols (Figure 5).  
 
 
1.6 Ligand Synthesis 
It was important that the synthesis be modular so the ligand structure could 
easily be derivatized allowing various steric and electronic parameters to be 
readily evaluated (Scheme 10). We could introduce different phosphorus groups 
                                                
27 (a) Sun, X; Worthy, A. D.; Tan, K. L. Angew. Chem. Int. Ed. 2011, 50, 8167-8171. (b) 
Worthy, A. D.; Sun, X., Tan, K. L. J. Am. Chem. Soc. 2012, 134, 7321-7324. 
Figure 4 Our Proposed Distal Selective Ligand.
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by varying the aryl group for the diphenylchlorophosphine used to alter the nature 
of the phosphorus center in the final ligand, which is known to greatly alter the 
reactivity of ligands.2 We also thought the use of various amino alcohols with 
different R1 groups to alter the chiral environment and steric size about the 
oxazolidine ring core during the reductive amination. During this step, we could 
also a non-hydride reducing agent in the to reduce the imine and introduce a 
substituent, R2, at the oxazolidine-phosphine methylene linker.  
 
To synthesize ligand 14 we developed a facile, dynamic route starting from 
inexpensive, commercially available materials. 3-Bromobenzaldehyde was 
subjected to acetal protection and then a Grignard reagent was formed that was 
then trapped with diphenylchlorophosphine to yield triaryl compound 16. Acetal 
deprotection followed by reductive amination with valinol afforded 18. Finally, 
oxazolidine ring formation was achieved with N,N-dimethylformamide dimethyl 
acetal (DMF-DMA) in the presence of methanol to yield 14 in a 1:1 mixture of 
diastereomers. In addition to ligand 14, we have also successfully synthesized 
N O
PAr2
OMe
R1
R2
H2N OH
R1
PAr2Cl
Br
O
N
MeMe
MeO OMe
+
Scheme 10 Retrosynthetic Analysis of Ligand 14.
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electron withdrawing and donating phosphorus environments (Section 9) and 
varied the substituent on the oxazolidine ring 14 to probe the system           
(Section 10). 28 
 
1.7 Exploring Ligand Activity 
 Although we have previously shown oxazolidine units to exchange with 
alcohols,27 we sought to confirm that the presence of an external phosphine unit 
would not deleteriously inhibit exchange. The exchange of cis-3-hexen-1-ol and 
14 was monitored by 1H NMR and reached equilibrium at room temperature after 
two hours; 62% converted to the substrate-bound form 17 (62:38 dr) (Scheme 12). 
Rapid exchange is pertinent for our ligand system in order to obtain high 
                                                
28 Other members of the Tan lab have successfully installed alkyl groups at this position 
but these modified ligands will not be discussed. 
Valinol
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p-TsOH,
 THF:Water,
83%93%
PPh2
OO
Br
OO
Br
O
Benzene, Reflux, 12 h 2. ClPPh2 
  THF, 0 °C, 6 h
 Reflux, 14 h
Scheme 11 Synthesis of 14.
14
15 16
17 18
  19 
selectivity because the directed reaction can only occur when substrate is bound to 
the ligand. Hydroformylation can still occur without the substrate being bound 
because the ligand has the core structure of triphenylphosphine, a known ligand 
for hydroformylation (Scheme 12). 
 
Having confirmed 14 successfully exchanges with substrate under mild 
conditions, we sought to evaluate the activity of the ligand in hydroformylation. In 
order to evaluate the inherent selectivity of the system, we first used 
triphenylphosphine as a control ligand and observed 42:57 regioselectivity with 
88% conversion (Table 1, Entry 1). To test our ligand, we first completed a pre-
exchange with 10 mol % 14 and then performed hydroformylation using 1 mol % 
Rh(acac)(CO)2 in benzene at 45 °C and 400 psi, which resulted in 95% conversion 
and 18:82 regioselective ratio in favor of the distal product (Table 1, Entry 2) . 
When compared to the undirected reaction with triphenylphosphine, our ligand 
enhanced the selectivity for the distal product of the reaction but it was unclear if 
Scheme 12 Exchange Experiment.
N O
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Me
Me
OMe
14
HO
+
10 equiv
N O
PPh2
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O
19
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62:38 (19:14)
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we were fully suppressing background. Previous systems have benefitted from the 
addition of a catalytic amount of acid, that facilitates the exchange of the substrate 
and ligand.22 Performing an acid screen revealed that both conversion and 
regioselectivity decreased, possibly as a result of ligand decomposition under 
these conditions (Table 1, Entries 3 and 4). 
 
!
Entry!!
!
Ligand!
Acid!Loading!
(mol!%)! Conversion!(%)a! rrb!
1c! PPh3! 0! 88! 43:57!
2! 14# 0! 95! 18:82!
3! 14! 0.05! 87! 28:72!
4! 14! 0.10! 82! 31:69!
 
 
After confirming that ligand 14 directs the reaction of cis-3-hexen-1-ol to 
favor the distal product, we turned our attention to the more highly functionalized 
substrate 20. In 2008, we reported that ligand 9 afforded the proximal product in 
high levels of regioselectivity and diastereoselectivity.21 The diastereoselectivity 
originates from a minimization of A1,3 strain in the hydrometallation step of the 
mechanism (Figure 6). This hypothesis was probed by varying the size of the 
allylic substituent and using a trans-substrate, both resulting in lower 
Table 1 Preliminary data for cis-3-hexen-1-ol.
HO
        
Benzene (0.05 M), 45 °C, 16 h
2. PCC Oxidation
O
O
+ O
O
1. 14 (10 mol %)
Rh(acac)(CO)2 (1 mol%)
 400 psi CO/H2 (1:1),
X mol % p-TsOH EthylPropyl
DistalProximal
Me
a) Conversion of lactone products based on 1H NMR using 
1,3,5-trimethoxybenzene as an internal standard. b) Regioselectivities 
based on GC assay. c) 2 mol % PPh3 
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diastereoselectivity, which is consistent with a model that minimizes A1,3 strain.22, 
29, 30 It was confirmed through x-ray crystallography that the anti-diastereomer was 
formed preferentially. Modeling the corresponding transition state for the 
formation of the distal product using ligand 14 and substrate 20, we envisioned 
diastereoselectivity arising from a similar minimization of A1,3 strain (Figure 7). 
To reduce this strain, the rhodium would prefer to bind to the face of the olefin 
that places the bulky phenyl group farthest away from the cis-methyl substituent, 
selecting for the anti-isomer.  
 
                                                
29 For multiple examples of systems with diastereoselectivity that arises from A1,3 strain: 
Hoffmann, R. W. Chem. Rev. 1989, 89, 1841-1860. 
30 For a previous example of diastereoselective hydroformylation arising from 
minimization of A1,3 Strain: (a) Breit, B. Chem. Comm. 1997, 591-592. (b) Breit, B. Eur. 
J. Org. Chem. 1998, 1998, 1123-1134. 
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Figure 6 A1,3 strain Model for Diastereoselectivity in the Hydroformylation of 
Allylic Substituted Homoallylic Alcohols using Ligand 9.
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1.8 Exploration of Diastereoselective Hydroformylation  
To evaluate the relative reactivity and selectivity of ligand 14, we used 
previously reported hydroformylation conditions for substrate 20 and ligand 9 that 
selected for the proximal product in a 98:2 ratio (Table 2, Entry 1).22 Before the 
hydroformylation reactions were performed, substrate 20 was pre-exchanged with 
the ligand to remove the methanol, which is known to inhibit exchange in the 
reaction. When comparing the directed reaction with ligand 14 verses the control 
reaction using triphenylphosphine, there is an increase in the regioselectivity and 
diastereoselectivity favoring the distal product (Table 2, Entry 2 and 3). Excited by 
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Figure 7 Proposed A1,3 strain Model for Diastereoselectivity in the Hydroformylation of 
Allylic Substituted Homoallylic Alcohols using Ligand 14.
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the selectivity of our system, we set out to develop a system using milder 
conditions. 
 
Entry Ligand Conversiona rrb drc 
1 9 88% 98:2 >98:2 
2 14 >95% 29:71 72:28 
3 PPh3 > 95% 37:63 51:49 
 
 
We first decreased the temperature to 55 °C, the rhodium level to 4 mol % 
and performed a ligand loading screen (Table 3). At a 4 mol % ligand loading we 
observed high conversion and modest regioselectivity (Table 3, Entry 1).  
Increasing the ligand loading to 12 mol % , resulted in an improved regio- and 
diastereoselectivity to 16:84 rr and 89:11 dr (Table 3, Entry 3). Increasing the 
ligand loading to 20 mol % had no added benefit in terms of yield or selectivity 
(Table 3, Entry 4). Confident with the activity of our system, we decreased the 
rhodium loading to 2 mol % and re-examined the relationship of ligand loading.  
We observed a consistent decrease in the activity of the system at all ligand 
loadings and a slight deterioration of regioselectivity from 16:84 to 18:82 and a 
HO Ph
Me
        
 1. Ligand (25 mol %)
Rh(CO)2(acac) (6 mol%)
 200 psi CO/H2 (1:1) O
O
Ethyl
Ph
+ O
Me
Ph
O
OMe
Ph
O
+
(±) 20
Table 2 Regio- and Diasteroselective Reaction.
DistalProximal
Benzene (0.05 M), 
65 °C, 16 h
2. PCC Oxidation
a) Conversion of lactone products determined by 1H NMR of crude product 
using 1,3,5-trimethoxybenzene as an internal standard. b) Regioselectivity 
ratio determined by GC assay c) Diastereoselectivity ratio determined from 
crude 1H NMR after PCC oxidation 
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decrease in diastereoselectivity ratio from 89:11 to 81:19 (Table 3, Entries 3 and 
7), confirming that 4 mol % rhodium was optimal at 55 °C, 200 psi and 0.05 M. 
 
 
 
Entry  
Ligand 
Loading 
(mol %) 
Rhodium 
Loading 
(mol %) 
Conversiona 
(%) rrb drc 
1 4 4 95 29:71 78:22 
2 8 4 > 95 15:85 86:14 
3 12 4 -- 16:84 89:11 
4 20 4 > 95 14:86 89:11 
5 6 2 86% 20:80 79:21 
6 8 2 80% 20:80 79:21 
7 10 2 69% 18:82 81:19 
 
 
 
1.9 Matched/Mismatched 
 To develop a more active and selective system, we decided to examine the 
impact of chirality on our system. First, we synthesized ligand 21 to determine the 
reactivity and selectivity of a racemic ligand with racemic substrate. We observed 
a decrease in conversion to 64%, regio- and diastereoselectivity to 20:80 rr and 
78:22 dr (Table 3, Entry 1), suggesting that either the chirality or the steric 
        
 1. 14 (X mol %)
Rh(CO)2(acac) (Y mol %)
 200 psi CO/H2 (1:1)
Table 3 Ligand Loading and Rhodium Screen.
DistalProximal
Benzene (0.05 M), 55 °C, 16 h
2. PCC Oxidation
HO Ph
Me
(±) 20
O
O
Ethyl
Ph
+ O
Me
Ph
O
OMe
Ph
O
+
a) Conversion of lactone products determined by 1H NMR of crude product 
using 1,3,5-trimethoxybenzene as an internal standard. b) Regioselectivity 
ratio determined by GC assay c) Diastereoselectivity ratio determined from 
crude 1H NMR after PCC oxidation 
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demand of the iPr group on the backbone of the oxazolidine is pertinent to the 
observed reactivity and selectivity. To probe if there was a matched/mismatched 
relationship between 20 and 14, we synthesized enantiopure substrate (R)-20 and 
(S)-20. When (R)-20 was used as the substrate, lower conversion and selectivities 
were observed (Table 3, Entry 2). However, using (S)-20 as the substrate increased 
the conversion to over 95% and the selectivity of the reaction up to a 90:10 ratio 
for both the regio- and diastereoselectivity, which suggested a modest 
matched/mismatched relationship (Table 3, Entry 3).  
 
 
Entry Substrate Ligand Conversiona rrb  drc 
1 rac-20 21 64 20:80 78:22 
2 (R)-20 14 86 20:80 81:19 
3 (S)-20 14 >95 10:90 91:9 
 
Figure 8 Racemic Scaffolding Ligand 21.
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a) Conversion of lactone products determined by 1H NMR of crude product 
using 1,3,5-trimethoxybenzene as an internal standard. b) Regioselectivity 
ratio determined by GC assay c) Diastereoselectivity ratio determined from 
crude 1H NMR after PCC oxidation 
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1.10 Matched Optimization 
The matched pair of (S)-20 as the substrate and 14 as the ligand, exhibited 
higher conversions compared to (R)-20 or a racemic system which led us to 
explore the relationship of reactivity and selectivity at lower reaction 
temperatures. However, using the optimal conditions from the ligand loading 
screen, we did not observe an increase in selectivity at lower temperatures (Table 
5, Entry 2 and 3). When the temperature was decreased to 35 °C, there was a 
significant drop in yield. For these reason, 55 °C was deemed the optimal reaction 
temperature. We next wanted to examine the effect of the electronic properties of 
the phosphorus group. We synthesized electron-donating 22 and 
electron-withdrawing 23 (Figure 9) and observed comparable activity but no 
increase in selectivity (Table 6, Entry 2 and 3).  
 
 
Entry 
Temperature 
(°C) 
Conversiona 
(%) rrb drc 
1 55 >95 10:90 91:9 
2 45 94 9:91 91:9 
3 35 80 9:91 91:9 
  
HO Ph
Me
        
 1. 14 (12 mol %)
Rh(CO)2(acac) (4 mol%)
 200 psi CO/H2 (1:1) O
O
Ethyl
Ph
+ O
Me
Ph
O
OMe
Ph
O
+
Table 5 Temperature Screen.
DistalProximal
(S) - 20
Benzene (0.05 M), X °C, 16 h
2. PCC Oxidation
a) Conversion of lactone products determined by 1H NMR of crude product 
using 1,3,5-trimethoxybenzene as an internal standard. b) Regioselectivity 
ratio determined by GC assay c) Diastereoselectivity ratio determined from 
crude 1H NMR after PCC oxidation. 
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Entry Ligand Conversiona (%) rrb drc 
1! 14# 95! 90:10! 10:90!
2! 22# >!95! 88:12! 9:91!
3! 23# >!95! 91:9! 10:90!
 
 
 
 
22 23
Figure 9 Ligand Derivatives varying the Electronics of the Phosphorus Environment.
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1.11 Conclusion 
 We have designed a new ligand bearing a phosphine unit and an 
oxazolidine functional group that forms a reversible covalent bond with alcohols. 
Under mild conditions, the scaffold ligand effectively directs the hydroformylation 
of homoallylic alcohols to favor the distal product in over 95% conversion, and 
90:10 regioselectivity and diastereoselectivity. Because of the high activity of this 
system, optimization at lower rhodium loadings and higher concentrations should 
be performed to increase this system’s synthetic practicality. 
General Considerations 
Unless otherwise noted, all reagents were obtained from commercial suppliers and 
used without further purification. Lithium reagents were titrated against 2-pentanol 
or 2,6-di-tert-butyl-4-methylphenol (BHT) using 1,10-phenanthroline as the 
indicator. Cis-3-hexen-1-ol was purchased from TCI America and was degassed 
by three successive freeze-pump-thaw cycles prior to being brought into a drybox 
for use. Flash column chromatography was performed using SiliaFlash p60 (230-
400 mesh) silica gel and ACS grade solvents as received from Fisher Scientific. 
All experiments were performed in oven or flame-dried glassware under an 
atmosphere of nitrogen or argon using standard syringe and cannula techniques, 
except where otherwise noted. All reactions were run with dry, degassed solvents 
dispensed from a Glass Contour Solvent Purification System (SG Water, USA 
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LLC). 1H, 13C, 31P and 19F NMR were performed on either a Varian Gemini 400 
MHz, Varian Gemini 500 MHz, Varian Unity Inova 500 MHz or a Varian Unity 
Inova 600 MHz spectrometer. Deuterated solvents were purchased from 
Cambridge Isotope Labs and stored over 3Å molecular sieves. C6D6 was degassed 
by three successive freeze-pump-thaw cycles and stored over 3Å molecular sieves 
in a dry box under a nitrogen atmosphere. All NMR chemical shifts are reported in 
ppm relative to residual solvent for 1H and 13C and an external standard (neat 
H3PO4) for 31P and 19F NMR. Coupling constants are reported in Hz. All IR 
spectra were gathered on a Bruker Alpha FT-IR equipped with a single crystal 
diamond ATR module and values are reported in cm-1. HRMS were generated in 
BC facilities. Hydroformylation was performed in an Argonaut Technologies 
Endeavor® Catalyst Screening System using 1:1 H2/CO supplied by Airgas, Inc. 
All GC analyses were performed on a GC-2014 Shimadzu GC. 
Substrate and Ligand Syntheses and Characterization 
The following compounds were made according to literature procedures and 
matched reported spectra: 2-(3-bromophenyl)-1,3-dioxolane,31,32 3-(1,3-dioxolan-
2-yl)phenyl]diphenylphosphine,1 3-(diphenylphosphino)benzaldehyde, 33 
                                                
31 Colbran, S. B.; Craig, D. C.; Watkins, S. E. J. Chem. Soc., Dalton Trans. 2002, 12, 
2423–2436.  
32 Krabbe, S.W.; Le, N. L.; Mohan, R. S; Podgorski, D. M.; Sierszulski, P. R. Synthesis 
2010, 16, 2771 – 2775.  
33 Freixa, Z.; Ravnal, M.; Rivillo, D.; Van Leeuwen, P. W. N. M. J. Am. Chem. Soc. 
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diethylphosphoramidous dichloride, 34  bis(4-(trifluoromethyl)phenyl)phosphine 
oxide,35 (R)-styrene oxide,6 (S)-styrene oxide36 and (Z)-(2)-phenylpent-3-en-1-ol.38 
 (Z)-(2S)-phenylpent-3-en-1-ol ((S)-20).37 A 50 mL round bottom flask was 
charged with magnesium turnings (0.612 g, 25.2 mmol) and was flame dried. THF 
(25 mL), an iodine crystal, and cis-1-bromo-1-propene (2.78 g, 22.9 mmol) were 
added to the flask and the solution exothermed and turned yellow. A separate 100 
mL round bottom flask was flame dried and charged with a solution of 
[Cu(COD)Cl]2 (0.474 g, 2.29 mmol) in THF (8.5 mL) and cooled to -78 °C. After 
allowing the Grignard solution to cool to 25 °C, it was added to the [Cu(COD)Cl]2 
solution dropwise via syringe. The resulting solution was stirred for 30 min. and 
then (R)-styrene oxide (1.66 g, 13.8 mmol) was added slowly by syringe. The 
solution was stirred overnight allowing to warm to room temperature. The solution 
was cooled to 0 °C and NH4Cl (sat. aq.) was added. [Use caution; a delayed 
exotherm occurs when quenching. Add NH4Cl slowly.] The aqueous layer was 
extracted with ethyl acetate (3 x 10 mL), dried over anhydrous magnesium sulfate, 
                                                                                                                                            
2011, 133, 18562–18565.  
34 Bowen, L. E.; Charernsuk, M.; Hey, T. W.; McMullin, C. L.; Orpen, A. G.; Wass, D. 
F. Dalton Trans. 2010, 39, 560–567. 
35 McDougal, N. T.; Mukherjee, H.; Stoltz, B. M.; Streuff, J.; Virgil, S. C. Tetrahedral 
Lett. 2010, 51, 5550–5554. 
36 Schaus, S. E.; Brandes, B. D.; Larrow, J. F.; Tokunaga, M.; Hansen, K. B.; Gould, A. 
E.; Furrow, M. E.; Jacobsen, E. N. J. Am. Chem. Soc. 2002, 124, 1307-1315. 
37 Lightburn, T. E.; Dombrowski, M. T.; Tan, K. L. J. Am. Chem. Soc. 2008, 130, 9210-
9211. 
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filtered, and concentrated. Chromatography (20% EtOAc / Hexanes), followed by 
Kugelrohr distillation afforded a clear liquid (0.704 g, 21% yield). Spectra 
matched previously reported literature values.  [α]D20 = +36.6 (c = 1.0, CHCl3, l = 
50 mm). 
(Z)-(2R)-phenylpent-3-en-1-ol ((R)-20).38 The procedure for (Z)-(2S)-phenylpent-
3-en-1-ol was followed with the exception of using (S)-styrene oxide. (0.192 g, 
26% yield). Spectra matched previously reported literature values. [α]D20 = -41.0 (c 
= 1.0, CHCl3, l = 50 mm). 
 
(S)-2-((3-(diphenylphosphino)benzyl)amino)-3-methylbutan-1-ol (18).1  To a 
flame-dried round-bottom flask was added (S)-(+)-2-amino-3-methyl-1-butanol 
(0.330 g, 3.02 mmol) and 3-(diphenylphosphino)benzaldehyde (0.930 g, 3.02 
mmol). DCM (18 mL) was added. The solution stirred for two hours at room 
temperature under nitrogen. NaBH(OAc)3 (2.55 g, 12.0 mmol) was added and the 
mixture was stirred overnight at room temperature. The reaction was quenched by 
the addition of 1N NaOH until the pH = 12. The aqueous layer was extracted with 
DCM (3 x 20 mL). The combined organic layers were dried and concentrated in 
NH OH
PPh2
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vacuo. The crude mixture was purified by silica gel chromatography (10% 
EtOAc/Hex containing 1% Et3N) to yield the title compound as a colorless oil 
(1.50 g, 67% yield). 1H NMR (CDCl3, 500 MHz) δ 7.35-7.27 (m, 13H), 7.19-7.15 
(m, 1H), 3.78 (d, 1H, J = 13.0), 3.71 (d, 1H, J = 13.5), 3.59 (dd, 1H, J = 10.5, 4.0), 
3.33 (dd, 1H, J = 11.0, 4.0), 2.42-2.38 (m, 1H), 1.85-1.78 (m, 1H), 0.92 (d, 3H, J = 
7.0), 0.87 (d, 3H, J = 7.0); 13C NMR (CDCl3, 126 MHz) δ 140.9 (d, JC-P = 7.9), 
137.7 (d, JC-P = 11.2), 137.4 (d, JC-P = 2.2), 137.3, 133.9 (d, JC-P = 19.1), 133.7 (d, 
JC-P = 21.3), 132.6 (d, JC-P = 16.8), 128.9 (d, JC-P = 11.2), 128.9 (d, JC-P = 5.6), 
128.7 (d, JC-P = 6.7), 63.9, 60.6, 51.4, 29.0, 19.8, 18.6; 31P NMR (CDCl3, 202 
MHz) δ -5.4; IR: 3406, 3000, 2956, 1585, 1433, 1155, 1091, 743, 696 cm-1; 
HRMS (DART-TOF): calcd. for C24H29N1O1P1 [M+H]+: 378.1987, found: 
378.1975; [α]D20 = + 7.6 (c = 1.0, CHCl3, l = 50 mm).  
 
(4S)-3-(3-(diphenylphosphino)benzyl)-4-isopropyl-2-methoxy-oxazolidine (14). 
To a solution of (S)-2-((3-(diphenylphosphino)benzyl)amino)-3-methylbutan-1-ol 
(0.200 mg, 0.535 mmol) in anhydrous methanol (1 mL) in a glove box was added 
N,N-dimethylformamide dimethyl acetal (0.210 mL, 2.65 mmol). The reaction was 
stirred at room temperature for 2 hours, and the solvent was removed in vacuo. 
N O
PPh2
OMe
  34 
The residue was redissolved in anhydrous methanol (1 mL), and the reaction was 
further stirred for 4 hours until the 1H NMR analysis showed complete conversion 
to product. The solvent was concentrated in vacuo. The crude residue was 
extracted with dry, degassed pentane (20 mL) and transferred to a dry scintillation 
vial.  The pentane was removed in vacuo, which afforded the title compound as a 
viscous oil that is a mixture of two diastereomers in a 1:1 ratio (0.200 mg, 88% 
yield). 1H NMR (C6D6, 500 MHz) δ 7.58 (d, 0.5H, J = 7.8), 7.47 (d, 0.5H, J = 
7.8), 7.40-7.37 (m, 4H), 7.33-7.27 (m, 1.5H), 7.20 (d, 0.5H, J = 7.8), 7.09-6.99 (m, 
7H), 5.15 (s, 0.5H), 5.04 (s, 0.5H), 3.86 (dd, 0.5H, J = 8.3, 7.8), 3.83 (d, 0.5H, J = 
13.2), 3.69 (dd, 0.5H, J = 7.3, 7.8), 3.64 (dd, 0.5H, J = 7.8, 5.9,), 3.63 (d, 0.5H, J 
= 10.0), 3.54 (dd, 1H, J = 14.67, 13.2), 3.40 (d, 0.5H, J = 14.2), 3.01 (s, 1.5H), 
2.95 (s, 1.5H), 2.94-2.90 (m, 0.5H), 2.44 (app q, 0.5H, J = 7.3), 1.56-1.49 (m, 1H), 
0.74 (d, 1.5H, J = 6.9), 0.65 (d, 1.5H, J = 3.4), 0.63 (d, 1.5H, J = 3.4), 0.57 (d, 
1.5H, J = 6.9); 13C NMR (C6D6, 126 MHz) δ 140.6 (d, JC-P = 6.2), 140.4 (d, JC-P = 
5.5), 138.6-138.2 (m, 3C), 135.1 (d, JC-P = 20.4), 134.9 (d, JC-P = 19.1), 134.6 (d, 
JC-P = 20.4), 134.6 (d, JC-P = 22.4), 133.3 (d, JC-P = 16.3), 133.2 (d, JC-P = 15.0), 
129.9 (d, JC-P = 12.3), 129.1 (d, JC-P = 12.5), 129.2, 129.1, 128.7, 128.4 (d, JC-P = 
24.5), 115.3, 110.9, 67.8, 67.3, 66.1, 64.2, 57.2, 52.8, 51.2, 50.7, 31.2, 29.1, 20.4, 
19.6, 17.7, 15.8; 31P NMR (C6D6, 202 MHz) δ -5.42, -5.48; IR: 3069, 2929, 2279, 
1884, 1817, 1585, 1364, 1155, 1364, 1155, 1057, 744, 697, 494; HRMS (DART-
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TOF): calcd. for C25H29NO2P [M-MeOH+H2O]+: 406.1936, found: 406.1931; 
[α]D20 = +7.6 (c = 1.0, CHCl3, l = 50 mm). 
1H NMR
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2-((3-(diphenylphosphino)benzyl)amino)-2-methylbutan-1-ol. The procedure 
for (S)-2-((3-(diphenylphosphino)benzyl)amino)-3-methylbutan-1-ol was followed 
with the exception of using 2-amino-2-methyl-1-propanol. Chromatography (10% 
EtOAc/Hex containing 1% Et3N) afforded a white solid (900 mg, 91% yield).1H 
NMR (CDCl3, 500 MHz) δ 7.35-7.29 (m, 13H), 7.16-7.13 (m, 1H), 3.64 (s, 2H), 
3.30 (s, 2H), 1.10 (s, 6H); 13C NMR (CDCl3, 126 MHz) δ 141.2 (d, JC-P = 7.6), 
NH OH
PPh2
Me Me
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137.5 (d, JC-P = 10.5), 137.3 (d, JC-P = 11.5), 133.9 (d, JC-P = 20.0), 133.7 (d, JC-P = 
23.8), 132.4 (d, JC-P = 16. 2), 128.9, 128.8, 128.7, 128.6 (d, JC-P = 6.7), 68.5, 54.2, 
46.0, 24.3; 31P NMR (CDCl3, 202 MHz) δ -5.38; IR: 3359, 3069, 2963, 1585, 
1476, 1380, 1089, 798, 742, 694, 494; HRMS (DART -TOF): calcd. for 
C23H27N1O1P1 [M+H]+: 364.1820, found: 364.1830. 
 
3-(3-(diphenylphosphino)benzyl)-4-dimethyl-2-methoxy-oxazolidine (21). The 
procedure for (4S)-3-(3-(diphenylphosphino)benzyl)-4-isopropyl-2-methoxy-
oxazolidine was followed with the exception of using  
2-((3-(diphenylphosphino)benzyl)amino)-2-methylbutan-1-ol (880 mg, 79% yield). 
1H NMR (C6D6, 500 MHz) δ 7.52 (d, 1H, J = 8.31), 7.40-7.36 (m, 4H), 7.30-7.26 
(m, 1H), 7.24 (d, 1H, J = 7.3,), 7.08-6.97 (m, 7H), 5.11 (s, 1H), 3.61 (d, 1H, J = 
3.4), 3.59 (d, 1H, J = 10.3), 3.47 (d, 1H, J = 7.3), 3.40 (d, 1H, J = 14.2), 2.97 (s, 
3H), 0.87 (s, 3H), 0.79 (s, 3H); 13C NMR (C6D6, 126 MHz) δ 141.2 (d, JC-P = 6.7), 
138.6 (d, JC-P = 11.4), 138.0 (d, JC-P = 11.4), 134.9 (d, JC-P = 20.1), 134.6 (d, JC-P = 
4.8), 134.5 (d, JC-P = 20.0), 133.0 (d, JC-P = 20.0), 129.8 (s), 129.1 (d, JC-P = 6.7), 
129.1 (d, JC-P = 6.7), 112.4, 78.8, 59.2, 51.3, 47.0, 24.4, 23.6; 31P NMR (C6D6, 202 
MHz) δ -5.47; IR: 3069, 3051, 2878, 2092, 1885, 1725, 1433, 1157, 1039, 789, 
N O
PPh2
OMe
Me Me
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695, 496;  HRMS (DART -TOF): calcd. for C24H27NO2P [M-MeOH+H2O]+: 
392.1779 found: 392.1763. 
 
1H NMR 
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(3-bromophenyl)bis(4-(trifluoromethyl)phenyl)phosphine oxide. To a 
flame-dried round-bottom flask in a dry box was added 
bis(4-(trifluoromethyl)phenyl)phosphine oxide (1.50 g, 4.44 mmol), 
bis(dibenzylideneacetone)palladium(0) (926 mg, 0.160 mmol), and 
1,3-bis(diphenylphosphino)propane (660 mg, 0.160 mmol) were added to a 25 
mL. The flask was brought out of the  dry box and toluene (5 mL) was added. 
P
H
RR
P
RR
Br
P
RR
P
RR
NH OH
P
Me
Me
RR
O
O
Br
O
N O
P
Me
Me
OMe
RR
R
1. Mg, THF, 
rt, 2 h
2. Dichloro(diethylamino)
phosphine
  THF, 0 °C, 6 h
Br
R = -CF3 or -OMe
1,3-Bromoiodobenzene
Pd(dba)2, dppp,
iPr2NEt, Toluene
 reflux,12 h
SiCl3, Et3N, Toulene
120 °C, 12 h
1. nBuLi, THF, -78 °C
30 min
2. DMF, rt, 2 h
Valinol
NaBH(OAc)3
DCM, rt, 12 h Methanol, rt
DMF-DMA
Alternative Synthetic Route for Electron Withdrawing Ligand 21 and Electron Donating Ligand 22.
P
CF3F3C
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O
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Then, 3-bromo-iodobenzene (0.682 mL, 5.35 mmol) and 
N,N-diisopropylethylamine (1.01 mL, 5.62 mmol) were added. The reaction was 
heated to reflux overnight. The reaction was cooled to room temperature and 
DCM (4 mL) and water (11 mL) were added. The aqueous layer was extracted 
with DCM (3 x 20 mL). The combined organic layers were dried and concentrated 
in vacuo. The crude mixture was purified by silica gel chromatography (20% 
EtOAc/Hex containing 1% Et3N) to yield the title compound as a white solid (1.92 
g, 88% yield). 1H NMR (CDCl3, 500 MHz) δ 7.83-7.74 (m, 10H), 7.56 (dd, 1H, J 
= 12.0, 8.0), 7.39 (dt, 1H, J = 8.0, 3.5); 13C NMR (CDCl3, 126 MHz) δ 136.1 (d, 
JC-P = 3.1), 135.7 (d, JC-P = 103.0), 134.7 (d, JC-P = 10.7), 134.6 (dq, JC-P,F = 32.8, 
3.1), 133.7 (d, JC-P = 103.0), 132.7 (d, JC-P = 10.7), 130.8 (d, JC-P = 13.0), 130.6 (d, 
JC-P = 9.9), 126.1-126.0 (m, 1C), 123.9 (d, JC-P = 15.3), 123.6 (d, JC-P = 273.13); 
19F NMR (CDCl3, 470 MHz) δ -63.78; 31P NMR (CDCl3, 202 MHz) δ 25. 3; IR: 
3057, 1611, 1504, 1321, 1128, 1062, 836, 766, 685, 572 cm-1; HRMS (DART-
TOF): calcd. C20H13BrF6OP [M+H]+: 492.9713 found: 492.9792.  
 
(3-bromophenyl)bis(4-(trifluoromethyl)phenyl)phosphine. To a round-bottom 
flame-dried flask was added (3-bromophenyl)bis(4-
P
CF3F3C
Br
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(trifluoromethyl)phenyl)phosphine oxide (1.00 g, 2.03 mmol), Et3N (1.57 mL, 
11.2 mmol), and toluene (20 mL) and the solution was cooled to 0 °C. 
Trichlorosilane (1.02 mL, 10.1 mmol) was added dropwise and the reaction was 
heated to reflux overnight.  The solution was cooled to room temperature, 
quenched with 30% sodium hydroxide (30 mL), and further diluted with water (30 
mL). The aqueous layer was extracted with DCM (3 x 20 mL). The combined 
organic layers were dried and concentrated in vacuo. The crude mixture was 
purified by silica gel chromatography (10% EtOAc/Hex containing 1% Et3N) to 
yield the title compound as a colorless oil (0.923 g, 95% yield). 1H NMR (CDCl3, 
500 MHz) δ 7.63 (d, 4H, J = 8.0), 7.55 (d, 1H, J = 8.0), 7.45 (d, 1H, J = 7.5), 7.40 
(t, 4H, J = 15.5, 8.0), 7.219-7.21 (m, 2H); 13C NMR (CDCl3, 126 MHz) δ 140.6 
(d, JC-P = 13.7), 137.9 (d, JC-P = 14.4), 136.3 (d, JC-P = 22.0), 133.8 (d, JC-P = 19.8), 
132.5 (d, JC-P = 50.9), 131.4 (q, JC-F = 32.6), 130.5 (d, JC-P = 6.8), 128.8 (d, JC-P = 
724.8) 125.6-125.4 (m), 125.2 (d, JC-P = 541.9), 123.5 (d, JC-P = 8.4); 19F NMR 
(CDCl3, 470 MHz) δ -62.9; 31P NMR (CDCl3, 202 MHz) δ -5.4; IR: 1606, 1396, 
1166, 1106, 831, 781, 686 cm-1; HRMS (DART -TOF): calcd. for C20H13Br1F6P1 
[M+H]+: 476.9842, found: 476.9842.  
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3-(bis(4-(trifluoromethyl)phenyl)phosphinyl)benzaldehyde. To a flame-dried 
round-bottom flask was added (3-bromophenyl)bis(4- 
(trifluoromethyl)phenyl)phosphine (0.879 g, 1.84 mmol) dissolved in THF (10 
mL) and then was cooled to -78 °C. nBuLi (0.884 mL, 2.50 M) was added 
dropwise and the solution was stirred for 30 minutes. Dimethylformamide (0.226 
mL, 23.0 mmol) was added to the solution and the cold bath was removed 
immediately. The reaction continued to stir at room temperature for 2 hours and 
then was quenched  by the addition of water (4 mL). The aqueous layer was 
extracted with DCM (3 x 10 mL). The combined organic layers were dried and 
concentrated in vacuo. The crude mixture was purified by silica gel 
chromatography (10% EtOAc/Hex containing 1% Et3N) to yield the title 
compound as a colorless oil (0.371 g, 47%). 1H NMR (CDCl3, 500 MHz) δ 9.99 
(s, 1H), 7.93 (d, 1H, J = 7.0), 7.87 (d, 1H, J = 7.0), 7.61 (d, 4H, J = 10.0), 7.59-
7.54 (m, 2H), 7.43-7.40 (m, 4H); 13C NMR (CDCl3, 151 MHz) δ 192.8, 141.4 (d, 
JC-P = 13.0), 140.4 (d, JC-P = 18.3), 137.2 (d, JC-P = 13.7), 137.0 (d, JC-P = 6.9), 
135.4 (d, JC-P = 22.1), 134.1 (d, JC-P = 19.8), 131.7 (q, JC-F = 32.81), 131.5, 130.0 
(d, JC-P = 6.1), 126.0-125.7 (m), 124.1 (q, JC-F = 272.4); 19F NMR (CDCl3, 470 
P
CF3F3C
O
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MHz) δ -62.9; 31P NMR (CDCl3, 202 MHz) δ -6.13; IR: 3062, 2852, 2302, 1926, 
1701, 1397, 1124, 1060, 1016, 794, 600 cm-1; HRMS (DART -TOF): calcd. for 
C21H14F6OP [M+H]+: 427.0687, found: 427.0683. 
 
(S)-2-((3-(bis(4-(trifluoromethyl)phenyl)phosphinyl)benzyl)amino)-3-
methylbutan-1-ol. The procedure for (S)-2-((3-
(diphenylphosphino)benzyl)amino)-3-methylbutan-1-ol was followed with the 
exception of using 3-(bis(4-(trifluoromethyl)phenyl)phosphinyl)benzaldehyde. 
Chromatography (10% EtOAc/Hex containing 1% Et3N) afforded a colorless oil 
(0.139 g, 37% yield). 1H NMR (CDCl3, 500 MHz) δ 7.60 (d, 4H J = 8.0), 7.41-
7.31 (m, 7H), 7.18 (d, 1H, J = 7.5), 3.82 (d, 1H, J = 13.0), 3.74 (d, 1H, J = 13.5), 
3.60 (dd, 1H, J = 11.0, 4.0,), 3.35 (dd, 1H, J = 10.5, 6.5), 2.44-2.40 (m, 1H), 1.86-
1.79 (m, 1H), 0.92 (d, 3H, J = 6.5), 0.88 (d, 3H, J = 6.5); 13C NMR (CDCl3, 126 
MHz) δ 141.7 (d, JC-P = 14.5), 141.6 (d, JC-P = 8.4), 135.3 (d, JC-P = 10.7), 134.0 
(d, JC-P = 23.7), 134.0 (d, JC-P = 19.8), 132.9 (d, JC-P = 17.6), 131.3 (q, JC-F = 
32.8), 129.8, 129.4 (d, JC-P = 6.9), 125.7-125.5 (m), 124.2 (q, JC-F = 272.4), 64.1, 
60.7, 51.3, 29.0, 19.7, 18.6; 19F NMR (CDCl3, 470 MHz) δ -62.9; 31P NMR 
(CDCl3, 202 MHz) δ -5.6; IR: 3059, 2931, 1606, 1396, 1165, 1126, 1060, 832, 
NH OH
P
Me
Me
CF3F3C
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700 cm-1; HRMS (DART-TOF): calcd. for C26H27 F6N1O1P1 [M+H]+: 514.1735, 
found: 514.1753; [α]D20 = +6.11 (c = 1.0, CHCl3, l = 50 mm). 
 
(4S)-3-(3-(bis(4-(trifluoromethyl)phenyl)phosphinyl)benzyl)-4-isopropyl-2-
methoxy-oxazolidine (22). The procedure for (4S)-3-(3-
(diphenylphosphino)benzyl)-4-isopropyl-2-methoxy-oxazolidine was followed 
(0.102 g, 96%, 1:1 mixture of diastereomers). 1H NMR (C6D6, 500 MHz) δ 7.46 
(d, 0.5H, J = 8.0), 7.42 (d, 0.5H, J = 7.5), 7.33 (d, 0.5H, J = 7.0), 7.23-7.02 (m, 
10.5H), 5.08 (s, 0.5H), 4.99 (s, 0.5H), 3.86 (d, 0.5H, J = 13.0), 3.84 (dd, 0.5H, J = 
8.5, 7.5), 3.69 (dd, 0.5H, J = 8.0, 7.5), 3.61 (dd, 0.5H, J = 8.0, 6.0), 3.61 (d, 0.5H, 
J = 4.0), 3.58 (dd, 0.5H, J = 13.5, 7.0), 3.52 (d, 0.5H, J = 14.5), 3.41 (d, 0.5H, J = 
14.5), 2.96 (s, 1.5H), 2.95 (s, 1.5H), 2.42 (app q, 1H, J = 7.0), 1.54-1.44 (m, 1H), 
0.72 (d, 1.5H, J = 7.0), 0.62 (d, 1.5H, J = 7.0), 0.60 (d, 1.5H, J = 7.0), 0.57 (d, 
1.5H, J = 7.5); 13C NMR (C6D6, 126 MHz) δ 146.9, 141.8 (d, JC-P = 14.7), 141.7 
(d, JC-P = 11.5), 140.5 (q, JC-P = 2.3), 135.0 (d, JC-P = 1.5), 134.9 (d, JC-P = 1.5), 
134.3 (d, JC-P = 15.2), 134.1 (d, JC-P = 14.4), 133.7 (d, JC-P = 19.8), 133.7 (d, JC-P = 
15.9), 133.7 (d, JC-P = 23.5), 132.7 (d, JC-P = 11.3), 132.5 (d, JC-P = 10.6),  130.7 (d, 
N O
P
Me
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JC-P = 33.4), 129.9 (d, JC-P = 36.4), 128.8 (d, JC-P = 7.6), 128.7 (d, JC-P = 7.6), 
125.3-125.1 (m, 6C), 124.3 (d, JC-P = 272.4), 124.2 (d, JC-P = 272.4), 114.8, 109.9, 
68.4, 66.5, 65.4, 63.4, 56.5, 51.9, 50.5, 49.7, 30.5, 28.4, 19.5, 18.7, 16.9, 15.0; 19F 
NMR (C6D6, 470 MHz) δ -62.67; 31P NMR (C6D6, 202 MHz) δ -5.8; IR: 2958, 
2896, 1728, 1606, 1322, 1165, 1060, 956, 700, 514; HRMS (DART -TOF): 
calcd. for C27H25F6N1O1P1 [M-MeOH]+: 524.1578, found: 524.2091; [α]D20 = 
+38.7 (c = 1.0, CHCl3, l = 50 mm). 
1H NMR 
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(4S)-3-(3-(bis(4-methoxyphenyl)phosphino)benzyl)-4-isopropyl-2-methoxy-
oxazolidine (23). To a solution of (S)-2-((3-(bis(4-
methoxyphenyl)phosphino)benzyl)amino)-3-methylbutan-1-ol (620 mg, 1.48 
N O
P
Me
Me
OMe
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mmol) in freshly distilled methanol (25 mL) was added N,N-dimethylformamide 
dimethyl acetal (1.00 mL, 7.39 mmol) under nitrogen.  After stirring at room 
temperature for 4 hours, the reaction was concentrated on in vacuo.  The residue 
was re-dissolved in anhydrous methanol (25 mL) and the reaction was stirred at 
room temperature for 3 hours.  The solvent was removed in vacuo and the crude 
residue was brought into a dry glovebox under a nitrogen atmosphere.  The crude 
residue was extracted with dry, degassed pentane (20 mL) and transferred to a dry 
scintillation vial.  The pentane was removed in vacuo, which afforded the title 
compound as a viscous oil that is a mixture of two diastereomers in a 1:1 ratio 
(618 mg, 90%).  1H NMR (C6D6, 500 MHz) δ 7.66 (d, 0.5H, J = 7.8 Hz), 7.54 (d, 
0.5H, J = 7.8 Hz), 7.34 – 7.46 (m, 5H), 7.24 (d, 0.5H, J = 7.8 Hz), 7.12 – 7.19 (m, 
1.5H), 6.72 – 6.76 (m, 4H), 5.24 (s, 0.5H), 5.12 (s, 0.5H), 3.91 (d, 0.5H, J = 12.7 
Hz), 3.90 (d, 0.5H, J = 8.3 Hz), 3.74 (t, 0.5H, J = 7.6 Hz), 3.59 – 3.70 (m, 2H), 
3.49 (d, 0.5H, J = 14.2 Hz), 3.24 (s, 6H), 3.09 (s, 1.5H), 3.02 (s, 1.5H), 2.97 – 3.00 
(m, 0.5H), 2.52 (q, 0.5H, J = 7.3 Hz), 1.58 – 1.62 (m, 1H), 0.81 (d, 1.5H, J = 6.9 
Hz), 0.71 (d, 1.5H, J = 6.9 Hz), 0.70 (d, 1.5H, J = 6.9 Hz), 0.63 (d, 1.5H, J = 6.9 
Hz); 13C NMR (CDCl3, 126 MHz) δ 160.5, 160.4 (d, JC-P = 2.7 Hz), 139.4 (d, JC-P 
= 5.7 Hz), 139.0 (d, JC-P = 6.2 Hz), 138.5 – 138.8 (4 lines), 135.3 – 135.5 (6 lines), 
132.8 (d, JC-P = 9.5 Hz), 133.7 (d, JC-P = 9.5 Hz), 132.2 (d, JC-P = 18.1 Hz), 131.9 
(d, JC-P = 19.1 Hz), 129.2 (d, JC-P = 20.0 Hz), 128.4 – 129.7 (7 lines), 114.4 – 
114.5 (4 lines), 68.3, 67.4, 66.0, 63.5, 57.0, 55.4, 52.8, 51.4, 50.1, 31.1, 28.5, 20.3, 
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19.5, 17.6, 15.4; 31P NMR (CDCl3, 202 MHz) δ -8.67, -8.71; IR: 2954, 1592, 
1496, 1244, 1176, 1029, 825, 529 cm-1; HRMS (DART-TOF) calcd. for 
C28H35N1O4P1 [M+H]+: 480.2304, found: 480.2286; [α]D20 = +10.4 (c = 0.405, 
CDCl3, l = 50 mm). 
1H NMR 
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31P NMR 
 
Exchange Reactions and Pre-exchange Procedures 
Scheme 12. In a dry box, cis-3-hexen-1-ol (50.0 mg, 0.500 mmol) and 12 (20.9 
mg, 0.0500 mmol) were mixed in C6D6 (0.600 mL). The reaction was monitored 
by 1H NMR analysis at room temperature. 
Optimization of Branch Selective Hydroformylation 
The Endeavor was charged with 500 µL of benzene per reaction well to fill the 
void volume between reactor wall and reaction tube, and oven-dried glass reaction 
vials were placed in the Endeavor. The Endeavor was sealed and purged with 
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nitrogen (4 x 100 psi). The necessary injection(s) were made (see below). The 
Endeavor was purged with nitrogen (1x100 psi), stirring was started at 250 rpm, 
and the Endeavor was heated to 45 °C and held for 10 minutes. Stirring was 
stopped, the Endeavor was charged with H2/CO, stirring was re-initiated at 700 
rpm, and the Endeavor was maintained at a constant temperature and pressure of 
H2/CO for 16 h. The Endeavor was vented to ambient pressure and cooled to 
ambient temperature. The reaction vials were removed from the Endeavor and the 
sample was concentrated. A solution of 1,3,5-trimethoxybenzene (100 µL, 0.2 M) 
was added and  1H NMRs were taken to determine conversions. Then, the solvent 
of the crude mixture (0.200 mmol scale) was removed in vacuo. The residue was 
dissolved in DCM (4.0 mL) and PCC (129 mg, 6.00 mmol), NaOAc (8.30 mg, 
1.00 mmol) and 4 Å sieves were added. The reaction mixture stirred for 12 hours 
at room temperature and then was filtered through a plug of silica gel. The silica 
gel was washed with Et2O (50 mL). The solvent of the filtrate was removed in 
vacuo and the desired lactone was analyzed via 1H NMR to determine 
diastereoselectivity and GC analysis to determine regioselectivity.  
Acid Loading Screen (Table 1) 
Table 1, Entry 1: The General Optimization Procedure was followed. Cis-3-
hexen-1-ol (200 mg, 0.200 mmol) and 14 (8.30 mg, 0.0200 mmol) in C6D6  (600 
µL) were heated to 45 °C. The solution was concentrated in a dry glove box to 
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remove MeOH in the solution and redissolved in C6D6. It was reheated to 45 °C 
for two additional hours. The solvent was concentrated in vacuo. The residue was 
redissolved in benzene and 4 mol % Rh(acac)(CO)2 (2.10 mg, 8.00 µmol) was 
added in a dry box and injected into the Endeavor via syringe. The Endeavor was 
kept at a constant H2/CO pressure of 400 psi and 45 °C. 
Table 1, Entry 2: The General Optimization Procedure and Table 1, Entry 1 
procedure was followed with the addition of 0.05 mol % p-TsOH (178 µL, 5.69 x 
10-4 M) after pre-exchange. 
Table 1, Entry 3: The General Optimization Procedure and Table 1, Entry 1 
procedure was followed with the addition of 0.10 mol % p-TsOH (356 µL, 5.69 x 
10-4 M) after pre-exchange. 
 Regio- and Diastereoselective Reaction (Table 2)  
Table 2, Entry 2: The General Optimization Procedure was followed. (Z)-2-
phenylpent-3-en-1-ol (480 mg, 0.300 mmol) and 14 (30.8 mg, 0.0750 mmol) in 
C6D6  (600 µL) were heated to 45 °C. The solution was concentrated in a dry glove 
box to remove MeOH in the solution and redissolved in C6D6. It was reheated to 
45 °C for two additional hours. The solvent was concentrated in vacuo. The 
residue was redissolved in benzene and 4 mol % Rh(acac)(CO)2 (4.60 mg, 18.00 
µmol) was added in a dry box and injected into the Endeavor via syringe. The 
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Endeavor was kept at a constant H2/CO pressure of 200 psi and 65 °C. 
Ligand Loading and Rhodium Screen (Table 3) 
Table 3, Entry 1: The General Optimization Procedure was followed. (Z)-2-
phenylpent-3-en-1-ol (324 mg, 0.200 mmol) and 4 mol % 14 (3.36 mg, 8.00 µmol) 
in C6D6  (600 µL) were heated to 45 °C. The solution was concentrated in a dry 
glove box to remove MeOH in the solution and redissolved in C6D6. The solution 
was reheated to 45 °C for two additional hours. The solvent was concentrated in 
vacuo. The residue was redissolved in benzene and 4 mol % Rh(acac)(CO)2 (2.06 
mg, 8.00 µmol) was added in a dry box and injected into the Endeavor via syringe. 
The Endeavor was kept at a constant H2/CO pressure of 200 psi and 55 °C. 
Table 3, Entry 2: The General Optimization Procedure and the Table 3, Entry 1 
procedure was followed with the exception of increasing 14 to 8 mol %  (6.71 mg, 
0.0160 mmol). 
Table 3, Entry 3: The General Optimization Procedure and the Table 3, Entry 1 
procedure was followed with the exception of increasing 14 to 12 mol %  (10.1 mg, 
0.0240 mmol). 
Table 3, Entry 4: The General Optimization Procedure and the Table 3, Entry 1 
procedure was followed with the exception of increasing 14 to 20 mol %  (16.8 mg, 
0.0400 mmol). 
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Table 3, Entry 5: The General Optimization Procedure was followed. (Z)-2-
phenylpent-3-en-1-ol (324 mg, 0.200 mmol) and 6 mol % 14 (5.03 mg, 0.0120 
mmol) in C6D6  (600 µL) was heated to 45 °C. The solution was concentrated in a 
dry glove box to remove MeOH in the solution and redissolved in C6D6. It was 
reheated to 45 °C for two additional hours. The solvent was concentrated in vacuo. 
The residue was redissolved in benzene and 4 mol % Rh(acac)(CO)2 (1.03 mg, 
4.00 µmol) was added in a dry box and injected into the Endeavor via syringe. The 
Endeavor was kept at a constant H2/CO pressure of 200 psi and 55 °C. 
Table 3, Entry 6: The General Optimization Procedure and the Table 3, Entry 1 
procedure was followed with the exception of increasing 14 to 8 mol %  (6.71 mg, 
0.0160 mmol). 
Table 3, Entry 7: The General Optimization Procedure and the Table 3, Entry 1 
procedure was followed with the exception of increasing 14 to 10 mol %  (8.39 mg, 
0.0200 mmol). 
Racemic and Matched/Mismatched Screen (Table 4) 
Table 4, Entry 1: The General Optimization Procedure was followed. (Z)-2-
phenylpent-3-en-1-ol (324 mg, 0.200 mmol) and 21 (9.73 mg, 0.0200 mmol) in 
C6D6  (600 µL) were heated to 45 °C. The solution was concentrated in a dry glove 
box to remove MeOH in the solution and redissolved in C6D6. It was reheated to 
  59 
45 °C for two additional hours. The solvent was concentrated in vacuo. The 
residue was redissolved in benzene and 4 mol % Rh(acac)(CO)2 (2.06 mg, 8.00 
µmol) was added in a dry box and injected into the Endeavor via syringe. The 
Endeavor was kept at a constant H2/CO pressure of 200 psi and 55 °C. 
Table 4, Entry 2: The General Optimization Procedure and the Table 3, Entry 1 
procedure was followed with the exception of using (Z)-(2S)-phenylpent-3-en-1-ol 
(324 mg, 0.200 mmol) and 14 (10.1 mg, 0.0240 mmol). 
Table 4, Entry 3: The General Optimization Procedure and the Table 3, Entry 1 
procedure was followed with the exception of using (Z)-(2R)-phenylpent-3-en-1-ol 
(324 mg, 0.200 mmol) and 14 (10.1 mg, 0.0240 mmol). 
Temperature Screen (Table 5) 
Table 5, Entry 1: The General Optimization Procedure was followed. 
(Z)-(2S)-phenylpent-3-en-1-ol (324 mg, 0.200 mmol) and 14 (10.1 mg, 0.0240 
mmol) in C6D6  (600 µL) were heated to 45 °C. The solution was concentrated in a 
dry glove box to remove MeOH in the solution and redissolved in C6D6. The 
solution was reheated to 45 °C for two additional hours. The solvent was 
concentrated in vacuo. The residue was redissolved in benzene and 4 mol % 
Rh(acac)(CO)2 (2.06 mg, 8.00 µmol) was added in a dry box and injected into the 
Endeavor via syringe. The Endeavor was kept at a constant H2/CO pressure of 200 
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psi and 55 °C. 
Table 5, Entry 2: The General Optimization Procedure and the Table 5, Entry 1 
procedure was followed. The Endeavor was kept at 45 °C. 
Table 5, Entry 3: The General Optimization Procedure and the Table 5, Entry 1 
procedure was followed. The Endeavor was kept at 35 °C. 
Ligand Screen (Table 6) 
Table 6, Entry 1: The General Optimization Procedure and the Table 5, Entry 1 
procedure was followed. 
Table 6, Entry 2: The General Optimization Procedure and the Table 5, Entry 1 
procedure was followed with the exception of using 22 (13.3 mg, 0.0240 mmol). 
Table 6, Entry 3: The General Optimization Procedure and the Table 5, Entry 1 
procedure was followed with the exception of using 23 (11.5 mg, 0.0240 mmol). 
GC Analysis Methods 
GC Method A. A Shimadzu GC-2014 System equipped with a 10F-S-0.63 
Sample Injector was used to introduce samples into a Shimadzu SHRXI-5MS GC 
column (15.0 m, 0.25 mm ID, 0.25 µm df) with a flow rate of 1.0 mL/min. The 
GC was run at 50 °C for 4 minutes, then the temperature was ramped at 20 °C/min. 
to a final temperature of 250 °C. Detection was by FID and data was worked up 
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with Shimadzu GC Solution.  
 
GC Method B. Identical to GC Method A, except the GC was started at 50 °C for 
2 minutes, then the temperature was ramped at 10 °C/min. to a final temperature of 
250 °C. 
Product Analysis 
Dihydro-3-ethyl-2(3H)-furanon38 and 3-methyl-tetrahydro-pyran-2-one39 matched 
previously reported spectra. Product ratio analyzed by GC Method A.  
 
                                                
38 Kowalczuk, M.; Kurok, P.; Glowkowski, W.; Jedlinski, Z. J. Org. Chem. 1992, 57, 
389-391. 
39 Gruenagner, C.; Breit, B. Angew. Chem. Int. Ed. 2010, 49, 967-970. 
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3-Methyl-4-phenyldihydrofuran-2(3H)-one,38 and 3- methyl-5-phenyltetrahydro-
2H-pyran-2-one38 matched previously reported spectra. Regioisomer ratio 
analyzed by GC Method B. Diastereomer ratio for 6-membered lactone was 
analyzed by 1H NMR. 
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